Yellowtail Flounder (Limanda ferruginea) were captured and released with conventional disc tags in the western North Atlantic as part of a cooperative Yellowtail Flounder tagging study. From these releases, 3767 of the tags were recovered. The primary objectives of this tagging program were to evaluate the mortality and large-scale movement of Yellowtail Flounder among 3 stock areas in New England. To explore mortality, survival and recovery rate were estimated from traditional Brownie tag-recovery models fitted to the data with Program MARK. Models were examined with timeand sex-dependent parameters over several temporal scales. The models with a monthly scale for both survival and recovery rate had the best overall fit and returned parameter estimates that were biologically reasonable. Estimates of survival from the tag-recovery models confirm the general magnitude of total mortality derived from age-based stock assessments but indicate that survival was greater for females than for males. In addition to calculating mortality estimates, we examined the pattern of release and recapture locations and revealed frequent movements within stock areas and less frequent movement among stock areas. The collaboration of fishermen and scientists for this study successfully resulted in independent confirmation of previously documented patterns of movement and mortality rates from conventional age-based analyses.
Mortality and movement of Yellowtail Flounder (Limanda ferruginea) tagged off New England
Yellowtail Flounder (Limanda ferruginea) were captured and released with conventional disc tags in the western North Atlantic as part of a cooperative Yellowtail Flounder tagging study. From these releases, 3767 of the tags were recovered. The primary objectives of this tagging program were to evaluate the mortality and large-scale movement of Yellowtail Flounder among 3 stock areas in New England. To explore mortality, survival and recovery rate were estimated from traditional Brownie tag-recovery models fitted to the data with Program MARK. Models were examined with timeand sex-dependent parameters over several temporal scales. The models with a monthly scale for both survival and recovery rate had the best overall fit and returned parameter estimates that were biologically reasonable. Estimates of survival from the tag-recovery models confirm the general magnitude of total mortality derived from age-based stock assessments but indicate that survival was greater for females than for males. In addition to calculating mortality estimates, we examined the pattern of release and recapture locations and revealed frequent movements within stock areas and less frequent movement among stock areas. The collaboration of fishermen and scientists for this study successfully resulted in independent confirmation of previously documented patterns of movement and mortality rates from conventional age-based analyses.
The Yellowtail Flounder (Limanda ferruginea) is one of the principal resources of the groundfi sh complex in the northeastern United States, with major fi shing grounds on Georges Bank, off southern New England, and off Cape Cod. The fi shery for Yellowtail Flounder is among the most productive and valuable in New England, yielding 1832.5 metric tons and $4.78 million to U.S. fi shermen in 2011 (NMFS, 2012) . However, the potential yield of Yellowtail Flounder is much greater than the current yield. The estimated maximum sustainable yield from the 3 stocks in New England is 29,483.5 metric tons (NEFSC 1 ). The 3 stock areas examined in this study were Cape CodGulf of Maine, Georges Bank, and southern New England-Mid-Atlantic.
Despite by several historical and more recent tagging studies. A study that examined fi sh tagged and released off the northeastern coast of the United States from 1942 to 1949 concluded that groups were relatively localized and exhibited short seasonal migrations. Most tagged fi sh were recovered within 80 km of the release site and little mixing was observed between fi shing grounds, except for frequent movement from the Mid-Atlantic Bight to the waters of southern New England (Royce et al., 1959) . Lux (1963) (Cadrin, 2010) . The cooperative Yellowtail Flounder tagging study described in this article was designed to address sources of uncertainty in Yellowtail Flounder stock assessments. Two objectives of this study were to provide 1) estimates of mortality independent of mortality estimates from current Yellowtail Flounder stock assessments and 2) extensive release and recovery information and documentation of movement of fi sh between stock areas.
Materials and methods
The general approach to tagging in this study involved a sampling design with geographic coverage that represented the entire Yellowtail Flounder resource off New England. All phases of the proposed research, from the fi eld protocol to public outreach, were developed cooperatively with New England groundfi sh fi shermen. We contracted commercial fi shermen and their vessels to work with scientists to tag and release fi sh in all stock areas. The geographic design was developed on the basis of fi shing areas, with releases in each area proportional to values of relative abundance of Yellowtail Flounder from groundfi sh surveys conducted by the Northeast Fisheries Science Center. The fi eld protocol and analytical design were considered during peer review to be valid approaches to meet the objectives of this tagging study (NEFSC 2 ).
Fish were captured with commercial otter trawls or gillnets with large mesh (16.5 cm) and relatively short trawl tows (30 min) or gillnet sets (<6 h). Yellowtail Flounder were identifi ed by using Collette and Klein-MacPhee (2002) . All legal-size fi sh (>33 cm in fork length) in viable condition, and some sublegal-size fi sh from tows in low-density areas, in the southern New England-Mid-Atlantic stock area were tagged with Petersen disc tags (22-mm in diameter). Viability was classifi ed as excellent, good, or poor. Excellent fi sh exhibited body fl exion and operculum or mouth movement, and no apparent damage from capture. Good fi sh also exhibited activity but had minor damage (e.g., scale loss, minor abrasion, and net marks). Poor fi sh, which exhibited no activity and had major abrasions or bleeding, were not tagged. Fish were released during the spawning season (May-August), with the exception of 1% of the releases, which occurred in the autumn of 2003.
Tags were collected from fi sh recaptured from a year-round commercial fi shery with some seasonal geographic closures. The reward system for reporting recaptures included a $1000 lottery for all returned tags and 280 high-value ($100) rewards. The outreach system involved reward posters, brochures, a website (http://www.cooperative-tagging.org), annual letters to Yellowtail Flounder fi shermen, press releases, and a toll-free phone number. Patterns of tag-recovery rates were analyzed statistically with contingency tables (Gtest; Sokal and Rohlf, 1995) of frequencies of releases and reported recaptures by sex, size, condition code, and damage code.
To analyze the Yellowtail Flounder tagging data, Program MARK was used to fi t multiperiod tagging models (White and Burnham, 1999) . Program MARK facilitates the application of various types of markrecapture models and estimates model parameters through the use of maximum likelihood. Brownie-type dead-recovery models (Brownie et al., 1985) were used to estimate the probability of Yellowtail Flounder survival (S) and a recovery rate probability (f). Recovery rate in this study was a compound parameter that represented the probabilities that a tagged fi sh was captured, the tag was retrieved, and the tag was reported. The model assumes that the probabilities of survival and recovery are the same for all marked animals and that tagging is instantaneous during sampling occasions.
A preliminary analysis, in which alternative tagging models with time-steps over different temporal scales (weekly, monthly, biannual and annual) were examined, indicated that the data were best suited for models with a monthly time step. Recovery data were entered into Program MARK with a classic recovery matrix format (Brownie et al., 1985; White and Burnham, 1999) . The recovery matrix was examined with a suite of models that exhibited both time-dependent and constant survival, as well as time-dependent and constant recovery rate. Sex was included in the model as a group effect on survival and recovery rate. In addition, commercial catch was used as a proxy for fi shing effort and was explored as a covariate on recovery rate in multiple models. Matrices of expected values were developed for each model, and recoveries were modeled as multinomial random variables. Parameters were estimated with maximum likelihood estimation.
Akaike's information criterion (AIC) was used to rank and select the model that achieved an optimal balance between the parsimony of the model and the goodness-of-fit, where parsimony decreases as the number of parameters in the model increases. Model fi t was judged with the model likelihood (L):
where K = the number of parameters.
To determine whether the general model (fully parameterized) was a reasonable fi t to the tag-recovery data, goodness-of-fi t was tested. A simulation procedure was used to calculate an estimate of overdispersion (c[ ). Data were simulated at varying levels of overdispersion (simulated c), and the deviance of each data set was divided by the degrees of freedom to obtain a range of values. A logistic regression was used to estimate the level of c[ where 50% of the simulated values were above and 50% were below the observed deviance divided by degrees of freedom of the general model. A model solution that perfectly conforms to the assumed error distribution would produce an expected variance equal to the observed variance and would have a c[ value of 1.0. Deviations of c[ above or below 1.0 indicate over-or underdispersion, respectively. Generally, a c[ value >3.0 indicates poor model fi t because the model deviance is greater than the expected deviance (Lebrenton et al., 1992; Burnham and Andersen, 2002) .
To account for c[ and for differences in effective sample size (N), a quasi-likelihood adjusted AIC (QAIC c ) was used to adjust fi t of the top selected models (Anderson et al., 1994; Burnham and Anderson, 2002) :
The adjusted results from the top ranked models determined through the model selection criterion were then examined for biologically realistic parameter estimates. Models that estimated multiple parameters at their boundaries (e.g., S=1.0) were rejected in favor of the next ranked model.
Results
Researchers worked with commercial fi shermen to tag 44,882 Yellowtail Flounder with conventional disc tags, and 3767 of these tags were recovered from the commercial fi shery. Of all the lottery tags and $100 highreward tags, 8% and 14% were returned, respectively. The relative return rate of lottery tags to high-value tags indicates a 59% reporting rate, assuming that 100% of the high-reward tags were reported (Table  1) . The results from the analysis of observed recovery rates by sex, size, condition code, and damage code indicate that females had a greater recapture rate than males (particularly small males). Fish categorized as good had the same recovery rates as fi sh that were excellent. All damage codes had similar recovery rates, except for the slightly lower recovery rates for those fi sh with net marks (5% recovered) and those showing evidence of lymphocystis (3% recovered).
Releases occurred in monthly batches over a 39-month period from June 2003 to August 2006, mostly in summer (Fig. 1) . The full recovery matrix (with known month of capture) included a total recapture rate of 7.9% (Table 2 ). There was a higher rate of recapture for females (8.4%) than for males (6.5%).
Mortality
The release and recovery data were audited, and only tags with both location and fi sh sex information were included in the modeling. The fi nal recovery matrix used to estimate survival included 43,907 releases and 3457 recaptures. Several model variations with both time-dependent and time-independent parameter estimates and with sex-dependant parameter estimates were successfully fi tted to the data.
All of the top-ranked models determined through model selection had a time-dependent recovery rate parameter (f t ) with varying levels of sex dependence on both recovery rate and survival (S g ). Results from procedures for the simulation of goodness of fi t indicate that the general model fi tted the tag-recovery data well, returning a c[ estimate of 2.12 (Fig. 2) . After the goodness-of-fi t adjustment to the models, full weight was given to the model with a time-dependent survival and time-dependent sex-specifi c recovery rate. The 2 best models had a time-dependent survival estimate. However, many of the estimates were at the upper boundary of survival (S=1.0) because of sparseness in the data, and therefore the 2 models with time-dependent survival were not considered. The optimum model was a model with constant survival and time-and sex-dependent recovery rate (Table 3) . On the basis of goodness-of-fi t and model validation diagnostics, the optimum model appears to be a reliable representation of the data.
A constant rate of survival of 0.89/month with a standard error of 0.016 was estimated from the best model. The annual rate of survival was calculated at (Fig. 3) . Estimates indicate that recovery rates ranged from 0.001 to 0.078 for males and 0.001 to 0.037 for females. Noticeable peaks in the recovery rate for females were observed in the period of May-August of each year (Fig. 4) . These peaks were present but less evident in the trend for male recovery rate. Confi dence intervals of recovery rate estimates indicate that recovery rates were greater in summer for females, but not for males, presumably because the estimates for females were more precise.
Movement
Results indicate frequent movements within the Cape Cod-Gulf of Maine and Georges Bank stock areas with less frequent movement among stock areas. Recapture data with known recapture locations indicate 96% residence in the Cape Cod-Gulf of Maine stock area (with 3% movement to the Georges Bank stock area and 1%
Figure 1
Number Number recaptured/year movement to the southern New England-Mid-Atlantic stock area), 98% residence on the Georges Bank stock area (with 1% movement to the Cape Cod-Gulf of Maine stock area and <1% movement to the southern New England-Mid-Atlantic), and 26% residence in the southern New England-Mid-Atlantic stock area (with 63% movement to the Georges Bank stock area and 10% movement to the southern Cape Cod-Gulf of Maine stock area; Table 4 ). However, most movement from southern New England was observed for Yellowtail Flounder released on Nantucket Shoals, near the boundary with adjacent stock areas (Fig. 5 ).
Discussion
The numbers of releases of tagged fi sh and tag recoveries in this study were 10 times greater than the numbers from any previous study of Yellowtail Flounder movement or mortality. The results from this study provide updated inferences of movement patterns and an independent estimate of mortality. Tag-recovery modeling and its application in fi sheries research has increased in popularity over the past decade and has become an important tool to fi sheries management (Pine et al., 2003) . Large-scale tag-recapture studies provide insights into fi sh movement and population dynamics that are separate (except for their reliance on fi shery recaptures) from the fi shery-dependent and research survey data and methods used in conventional stock assessments. The results from tagging analyses should be of particular interest when there are suspected inconsistencies with the stock assessment data and analyses, as is the case for Yellowtail Flounder stocks off New England. The results from tag-recovery modeling in this study are consistent with the perception that the Yellowtail Flounder resource in New England is experiencing an intense rate of mortality. The total annual mortality estimate of 1.4 derived from patterns of tag recovery is similar to stock-specifi c, age-based mortality estimates from the Yellowtail Flounder assessments for 2003 to 2006 (NEFSC 1 ; Fig. 3) . The results from this study demonstrate that models typically used in quantitative ecology (e.g., the Brownie tag-recovery model) can complement conventional methods for fi sheries stock assessment. The advantage of the Brownie model is that survival estimates are not conditional on an assumed natural mortality rate, and recovery rates are a composite of exploitation rate (i.e., natural and fi shing 
Table 3
The top 5 most highly ranked models adjusted for a c[ =2.12 that were fi tted to tag-recovery data in this study of the mortality and movement of Yellowtail Flounder (Limanda ferruginea) tagged off New England from 2003 to 2006. Models were ranked by quasi-likelihood adjusted AIC (QAIC c ). Survival (S) and recovery rate (f) were estimated by month (t), for the entire time series (.), and by sex (g). The optimal model (in bold type) was chosen on the basis of rank and parameter estimates that were biologically reasonable. mortality), survival from the tagging process, tag retention, and tag reporting (Brownie et al., 1985) . The mortality estimates derived from the tagging data corroborate stock assessment estimates; however, tag estimates could be infl ated if a model assumption was violated. For the tagging models, all marked fi sh were assumed to have the same probability of survival and recapture by the fi shery. This assumption is often violated when newly released fi sh do not fully mix with the population and have a different recapture probability (Hoenig et al., 1998) . A close examination of the full residual matrix for Yellowtail Flounder did not reveal any patterns consistent with nonmixing, which is typically represented with a consistent residual along the recovery diagonal (Latour et al., 2001 ). Tagging-induced effects, both directly induced mortality and short-term tag loss, also could affect survival estimates. Experiments with tanks and cages designed to test the tag retention and tag-induced mortality of Yellowtail Flounder have indicated that these effects were not a concern (Alade, 2008) . Any possible infl uence from these 2 effects likely would remain constant throughout the study and would not infl uence the survival estimates signifi cantly.
Finally, the tag-recovery models used in this study did not estimate tag loss and tags were assumed not lost or missed. A fi sh that loses its tag is equivalent to a dead fi sh when it comes to the estimation of survival (Brownie et al., 1985) . The Peterson disc tags used in this study are secure tags that pass through the body of a fl ounder and are anchored on both the dorsal and ventral surfaces. These tags have been widely applied in fi sh tagging studies and are known for a very high retention rate (Thorsteinsson, 2002) . In addition, a long-term holding study with some fi sh held for more than 1 year showed 100% tag retention, and therefore tag loss was expected to be minimal (Alade, 2008) .
Although the tag-recovery estimate of survival is consistent with results from agebased stock assessments, several aspects of this tagging study should be considered in future assessments. The difference in recovery rate between the sexes indicates that population dynamics may differ between males and females. The lower recovery rate of males could be a result of greater natural mortality-a fi nding that is consistent with sexually dimorphic growth rates and maximum sizes of Yellowtail Flounder (Lux and Nichy, 1969) . However, sex-based recovery rates also could result from differences in catchability between sexes.
The possibility of substantial movement between stock areas (e.g., from southern New England to Georges Bank) may also infl uence population dynamics of Yellowtail Flounder (Hart and Cadrin, 2004) . Analyses of simulated release and recapture data, with a data structure consistent to the data used in this study, indicate that movement and mortality cannot be simultaneously estimated because of highly correlated movement parameters (Alade, 2008) . Therefore, simultaneous estimation of both movement and mortality may require an integrated analysis of data from tagging surveys, fi sheries surveys, and resource surveys (Maunder, 2001; Goethel et al., 2010) .
A summary of all published yellowtail fl ounder movements off the northeast United States, including those reported here, has revealed that juveniles and adults do not frequently move among fi shing grounds (Cadrin, 2010) . The movement from the southern New England-Mid-Atlantic stock area to the Georges Bank stock area observed in the study described in this article is greater than the movement reported in previous studies. However, most releases in the southern New England-Mid-Atlantic stock area were near the boundary because that location was the only one sampled in the stock area that had high densities of Yellowtail Flounder. The pattern of tag recoveries (Fig. 5 ) and previous analyses of movement trends from surveys (Cadrin, 2010) indicate that the southwestern portion of Georges Bank and Nantucket Shoals is an area of stock mixing, and that relative stock size may infl uence stock composition in that area. Although the study described here was not designed to estimate seasonal movement, the results of this research are consistent with those of previous tagging studies of Yellowtail Flounder off New England that have indicated short, seasonal movement patterns (Royce et al., 1959; Lux, 1963) .
Conclusions
Current stock assessments of Yellowtail Flounder provide valuable information for fi shery management, although several major sources of uncertainty are present (NEFSC 1 ). The results of this study address 2 important sources of uncertainty in the Yellowtail Flounder assessments: estimates of mortality and large-scale movement patterns among stock areas.
The results from the tag-recovery modeling in this study confi rm that the Yellowtail Flounder population is experiencing a high level of mortality. These results were derived from data independent of the stock assessment data, and although we were able to confi rm high levels of mortality, the direct cause remains unknown. In addition to modeling mortality, the pattern of tag-recovery locations from this study provides an updated look at stock mixing. Movement from the southern New England-Mid-Atlantic stock area to the Georges Bank stock area was greater than previously observed. However, some of this perceived movement was attributed to the study design and the locations where tagged fi sh were released. Tag-recovery patterns indicate that Yellowtail Flounder carried out frequent movements within stock areas and less frequent movement between areas. It is unlikely that uncertainties in the Yellowtail Flounder assessments are a result of substantial movement between stock areas.
This study provides insight into important uncertainties associated with the population dynamics of Yellowtail Flounder stocks off New England. The results from this study can be used to inform future assessments and provide additional information to aid in the management of this species.
